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a b s t r a c t
Low-cost solar technologies such as perovskite solar cells are not only required to be efficient, but durable
too, exhibiting chemical, thermal and mechanical stability. To determine the mechanical stability of
perovskite solar cells, the fracture resistance of a multitude of solution-processed organometal trihalide
perovskite films and cells utilizing these films were studied. The influence of stoichiometry, precursor
chemistry, deposition techniques, and processing conditions on the fracture resistance of perovskite
layers was investigated. In all cases, the perovskites offered negligible resistance to fracture, failing
cohesively below 1.5 J/m2. The solar cells studied featured these perovskites and a variety of organic
and inorganic charge transporting layers and carrier-selective contacts. These ancillary layers were found
to significantly influence the overall mechanical stability of the perovskite solar cells andwere repeatedly
the primary source of mechanical failure, failing at values below those measured for the isolated fragile
perovskite films. A detailed insight into the nature of perovskite and perovskite solar cell fracture is
presented and the influence of grain size, device architecture, deposition techniques, environmental
variables, and molecular additives on these fracture processes is reported. Understanding the influence
of materials selection, deposition techniques and processing variables on the mechanical stability of
perovskite solar cells is a crucial step in their development.
© 2016 Elsevier Ltd. All rights reserved.1. Introduction
The remarkable optoelectronic properties of organohalide-lead
perovskite materials show resilience to defects and grain bound-
aries and hold tremendous promise for low-cost solar cells and
next-generation PV [1]. They exhibit efficient photoinduced carrier
generation, long carrier lifetimes, high carrier mobilities and in-
ternal quantum efficiencies while absorbing strongly over a broad
region of the solar spectrum [2]. This optoelectronic resilience en-
ables high conversion efficiencies to be achieved from materials
deposited by a wide variety of fabrication techniques, many of
which satisfy the requirements for low cost cell manufacturing [3].
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2352-4316/© 2016 Elsevier Ltd. All rights reserved.Solution-basedmethods such as spin-coating, slot-die coating, and
blade coating are compatible with cheap, plastic substrates in am-
bient conditions and enable pathways towards large-scale manu-
facturability [4–10]. However, little is known about themechanical
properties of these perovskite materials and the influence of these
same defects and grain boundaries on their thermomechanical re-
liability.
Our goal has been to provide the field with a much needed
metric by which progress in the improvements of the mechan-
ical stability of perovskite solar cells can be evaluated. Fracture
of perovskite solar cells is an essential consideration in the goal
of increasing their operational lifetime. For perovskites, a fracture
not only leads to a loss of ohmic contact, but creates an accel-
erated pathway for the diffusion of volatile compounds. Accord-
ingly, a fracture will promote degradation through the ingress of
moisture or through loss of volatile organics like methylamine or
formamide. It was recently reported that hybrid organometal tri-
halide perovskites exhibit surprisingly high coefficients of thermal
354 N. Rolston et al. / Extreme Mechanics Letters 9 (2016) 353–358Fig. 1. The various perovskite device architectures and the solution-processing methods used in this study.expansion, six times higher than soda-lime glass,whichwould pro-
vide a source of stress [11]. Even in the absence of bending stresses
and forwell-encapsulated devices,mismatch in thermal expansion
coefficients can provide sufficient stress through thermal cycling
events to induce fracture.
While concerns over the chemical and photo-stability,moisture
sensitivity and toxicity of perovskite cells are being addressed
[12–15], the thermomechanical properties that impact both the
manufacturability and reliability of these cells in field exposures
are largely unknown. We have investigated the adhesive and
cohesive fracture resistance (Gc) of a wide range of perovskite
solar cells sourced through this collaborative effort from across the
world. Among all cells studied, the resistance to fracture observed
was so low (Gc < 1.5 J/m2), that it could inhibit the success of
perovskite solar cells as a viable solar technology. These values are
significantly lower than organic solar cells (∼5–15 J/m2) generally
recognized to be thermomechanically fragile and competing CIGS
(∼10 J/m2) and c-Si cells (∼10–200 J/m2) [16]. For the promises
of perovskite photovoltaics to be realized, advances in the
understanding of their thermomechanical properties along with
the development of materials strategies to address mechanical
instabilities are needed.
In this work, the fracture resistance of an array of perovskite
solar cells in which the active perovskite layers have been
deposited from the solution state by either spin or slot-die coating
have been determined. The range of cells also features a variance in
the chemistry used to form the perovskite layer, which include the
acetatemethod [7], themesoporousmethod [6], the planarmethod
with Spiro-OMeTAD [8], the slot-die method [4], and the large
grain method [5]. Cells were fabricated in both conventional and
inverted architectures and feature a variety of hole and electron-
transporting materials. Fig. 1 shows the different solar cells that
were studied in this work indicating the architecture, deposition
method and chemistry, the hole and electron transporting layers
and carrier-selective contacts. All contacts were thermally or e-
beam evaporated and all charge transport layers and perovskite
layers were spin coated, except for those deposited by the slot-die
method.
2. Experimental
2.1. Adhesion and cohesion testing
Double cantilever beam (DCB) specimens were fabricated with
glass or polymethylmethacrylate (PMMA) beams and a thin, room-
temperature cured epoxy loaded under displacement control in a
thin-film cohesion testing system (Delaminator DTS, Menlo Park,CA) from which a load, P , versus displacement, ∆, curve was
recorded. The fracture energy, Gc (J/m2), was measured in terms
of the critical value of the applied strain energy release rate, G. Gc
can be expressed in terms of the critical load, Pc , at which crack
growth occurs, the crack length, a, the plain strain elastic modulus,
E ′, of the substrates and the specimen dimensions; width, b and











An estimate of the crack lengthwas experimentally determined
from a measurement of the elastic compliance, d∆/dP , using the









− 0.64 ∗ h. (2)
All Gc testing was carried out in laboratory air environment at∼25 ° C and∼40% R.H.
2.2. Characterization of the fracture path
Following fracture testing, a survey x-ray photo spectroscopy
(XPS, PHI 5000 Versaprobe) scan (0–1100 eV) was made of each
of the fractured specimens using monochromatic Al Kα x-ray
radiation at 1487 eV in order to characterize the surface chemistry
and to help precisely locate the failure path. The specimen half
containing the metal electrode is referred to as the ‘‘metal side’’,
and the other half including the ZnO is referred to as the ‘‘ZnO side’’.
Detailed high-resolution XPS scans were made for compositional
analysis and further identification of the fracture path.
Optical and atomic force microscopy (AFM) (XE-70, Park
Systems) in non-contact mode were used to characterize the
surface morphology and roughness of the fracture path. In
addition, phase images were simultaneously collected to reveal
furthermaterial properties and variations in the surface properties
of the fractured cells. Ultraviolet–visible absorptionmeasurements
were performed on the ZnO side of fractured cells using an
Agilent Cary 6000i UV–Vis–NIR spectrophotometer to determine
morphology and reorganization changes in the perovskite cells
with exposure.
3. Results and discussion
3.1. Stability of perovskite solar cells
The fracture resistances of the cells determined using the
double-cantilever beam test are shown in Fig. 2 as a function of
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architecture, showing a trade-off between reliability and efficiency. Insets are
illustrations of the failure path within the cell structure.
the PCE. The results show extremely low Gc values (<1.5 J/m2)
for all cells, indicating that the cells are mechanically fragile. In
particular, the charge transport layers currently represent themost
fragile elements and are frequently the primary source of failure.
In particular, the PC61BM electron-transport layer was theweakest
component in large-grain planar cells and acetate cells, fracturing
at 0.21 J/m2 and 0.12 J/m2 respectively. The hole transport layer
was the weakest in mesoporous cells, fracturing in the PTAA layer
at 0.17 J/m2 or in the Spiro-OMeTAD layer at 0.42 J/m2, depending
on which material was used.
Two points of failure were determined for perovskite cells:
the adhesion of charge-transporting materials to the perovskite
layer (in the case of the planar, slot-die coated method) and the
cohesive failure of these auxiliary charge transportingmaterials (in
the case of all other devices). More robust charge transport layers
or replacements must be developed that are not mechanically
fragile, hydroscopic, corrosive, or susceptible to delamination from
perovskite surfaces.
Currently, the most efficient perovskite solar cells utilize or-
ganic layers to mediate carrier extraction and charge trans-
port [18]. This places perovskite cells in a similar realm as organic-
bulk heterojunction solar cells, which, when subjected to thermo-
mechanical analysis, both delaminated readily and exhibited poor
layer cohesion [19–22].
3.2. Cohesion of perovskite layers
In order to probe the fracture resistance of the various per-
ovskite layers, test specimens were prepared without the ancillary
charge transporting layers that are ordinarily the primary sources
of failure. Isolated perovskite layers from each of the fabrication
methods shown in Fig. 1 were prepared. The cohesion values of
these perovskites are shown in Fig. 3. The Gc values range from
0.24 J/m2 for mesoporous films to 1.48 J/m2 for a planar, large-
grain film, indicating that once the weak charge transport lay-
ers are removed, the perovskites themselves do not exhibit sig-
nificantly better resistance to fracture. This result is not surpris-
ing. Considering the brittle, salt-like crystal structure of these per-
ovskites, one would expect them to exhibit fracture resistances
similar to other ionic salts like NaCl, which has a Gc ranging from
0.6 to 1.8 J/m2 (Figure S1, Appendix A).
We observed thatGc also increaseswith grain size (Fig. 3). Grain
boundaries act as defects that allow for the crack tip to propa-
gate with less resistance. Like many materials, the fracture resis-
tance is a function of the density and distribution of defects andFig. 3. The measured Gc and PCE as a function of perovskite fabrication method,
showing an decrease in cohesion with smaller grain size. Insets are illustrations of
the failure path.
grain boundaries, which relate to the method by which the layer
is deposited [23]. It is well known for other crystalline materi-
als and ceramics that defect-laden grain boundaries decrease the
cohesion [24]. An increase in the grain size of perovskites from
∼500 nm to>10µmresulted in a six-fold increase inGc , from0.24
to 1.48 J/m2. In large-grain perovskites, the temperatures at which
the films are formed and the ratios of precursors used also influ-
enced Gc values. Deviations from the optimum conditions caused
Gc to drop to below 0.80 J/m2. Lower annealing temperatures
and MACl/PbI2 ratios were shown to produce smaller perovskite
grains, rougher morphologies, and lower-quality perovskite films
that resulted in the observed drop in Gc [5].
3.3. Factors influencing perovskite stability
In addition to grain boundaries, a number of other factors were
identified that affect the fracture resistance of perovskites and are
of importance when considering design for reliability.
3.3.1. Device architecture
Mesoporous perovskites are effectively reinforced by the
embedded metal oxide scaffold and are more robust than planar
perovskite films (Figure S2, Appendix A). However, XPS analysis
of the fracture surface of this type of perovskite cell revealed that
the planar perovskite capping layer that is formed on the top of the
mesoporous layer for increased photovoltaic performance is highly
susceptible to fracture (Figure S3, Appendix A). The failure of both
planar and mesoporous perovskite cells occurred within the pure
perovskite layer as shown by the insets in Fig. 3. Previous studies
have shown that perovskite devices without any planar capping
layer fracture adhesively between the hole-transport layer and the
perovskite, which indicates that the TiO2 scaffold reinforces the
perovskite and enhances fracture resistance, deferring failure to
the next weakest material or interface [25].
3.3.2. Deposition method
A set of identical planar perovskite devices were made by
previously detailed sequential slot die coating method [4]. The
procedure uses gas-quenching assisted slot-die coating to form a
defect-free PbI2 layer and convert it to perovskite by depositing
MAI solution on top of the slot-die coated PbI2 at 70 °C.
The differences were that one group was prepared on glass
substrates by a batch process and another group was prepared
on PET substrate by a continuous roll-to-roll process. Gc increased
threefold for the glass samples, which fractured at 1.21 J/m2,
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The accompanying optical images for the ZnO side of fractured
specimens show a marked difference in the morphology of the
fracture surfaces, even though the weakest interface was the
same for the two different samples. The glass samples show clear
striations separated by ∼10–30 µm (Fig. 4(b)), which could be an
artifact of the slot-die coater driven by stepper motors.
For the MAI deposition step, the substrates were heated to
a coating temperature of 70 °C, which led to rapid solvent
drying and created drying lines perpendicular to the coating
direction. These striations were not observed on the PET samples
prepared by continuous roll-to-roll processing. By controlling the
coating conditions, these striations could be exploited to create
microstructure and influence fracture resistance.
3.3.3. Exposure conditions
The influence of moisture on the fracture resistance of
perovskites was also probed. Unencapsulated, planar perovskite
devices were exposed to 55% R.H. at R.T. for up to 24 h to quantify
the change in mechanical properties with exposure to water. A
decrease in adhesion was observed between the perovskite and
hole-transport layer with exposure, and the Gc dropped from 0.40
to 0.18 J/m2 after 24 h (Fig. 5). AFM phase and topography images
of the fractured ZnO side reveal a change in the morphology
as a result of this exposure. The failure path transitions from
meandering in the P3HT and at the P3HT/perovskite interface in
unexposed device to a completely adhesive failure pathway at
the P3HT/degraded perovskite interface at the end of exposure.
UV–Vis absorption measurements of the ZnO side were taken to
further characterize the chemistry, which results in this change
through exposure to moisture. The absorption spectrum showed
a noticeable decrease in the absorption shoulder at around 600 nm
(Figure S4, Appendix A). This shoulder is characteristic of P3HT
interchain ordering [26], and the lack of signal after 24 h of
exposure indicates that the crack propagated between the P3HT
and the degraded perovskite.
A separate batch of planar devices was annealed in a nitrogen
atmosphere at 85 °C for 90 h, and a similar decrease in Gc was
observed from 0.45 to 0.27 J/m2 as the Spiro-OMeTAD layer
degraded (Figure S5, Appendix A). This decrease in cohesion could
occur from Spiro-OMeTAD crystallization during annealing, which
has been shown to occur at temperatures below 85 °C [27].
Annealing these devices leads to a rapid decrease in fill factor,Fig. 5. (a) The measured Gc of planar perovskite cells as a function of exposure
time at 55% R.H. and 25 °C. AFM images of the ZnO side after delamination for (b)
the topography and (c) the phase, showing the effect of humidity on the fracture
surface morphology.
which is an indication of degradation in the transport layer.
Identical devicesmadewith PTAA as the hole transport layer do not
show such an abrupt performance loss, indicating that the primary
degradation mode is the Spiro-OMeTAD and not the perovskite
layer.
Perovskite films are also highly susceptible to degradation
in electrical properties. Perovskite device efficiencies have been
shown to rapidly decrease when exposed to environmental stress
parameters such as heat and moisture [28–30]. In the presence
of either stress factor, the crystal structure decomposes into
PbI2 and the organic cation is lost: heat leads to thermally
induced methylamine evolution and moisture forms a hydrated
N. Rolston et al. / Extreme Mechanics Letters 9 (2016) 353–358 357Fig. 6. ThemeasuredGc as a function of crosslinkermolar equivalent. The top insets
are optical images of the spin coated films after 1-step solution-processing, showing
the dramatic effect of increasing linker concentration on perovskite film formation.
phase as methylammonium binds to water. This degradation
leads to device failure and presents toxicity hazards because
PbI2 is soluble in water [31]. A connection is observed in the
simultaneous degradation of electrical and mechanical properties
from environmental effects. Considering the deleterious effects of
water on perovskite devices, the importance of fracture resistance
in these water soluble materials is heightened. A crack within
a bulk perovskite layer provides an accelerated pathway for the
ingress of water vapor, and so accelerates the degradation and
further moisture-assisted debonding.
3.3.4. Molecular additives
The influence of grain boundaries and size on perovskite layer
cohesion suggests that a possible strategy for increasing the
fracture resistance of perovskite films would be to reinforce these
weak boundaries by cross-linking crystalline domains. Previous
work has shown that an increase in the photovoltaic performance
andmoisture resistance can be achievedwhen perovskite films are
treated with 4-aminobutylphosphonic acid [12]. It was proposed
that the ammonium and phosphoric acid termini of this molecule
can form interactions with sites at the surface of the perovskite
crystals without entering into the lattice. This would effectively
strengthen defect-laden grain boundaries [32].
In a control experiment, we probed the influence of a similar
molecule, 1,2-diaminopropane, in the synthesis of perovskite films
by varying the concentration of diaminopropane in the perovskite
precursor solution without changing any of the processing condi-
tions. The amount of 1,2-diaminopropane affected the perovskite
film formation. Concentrations of diaminopropane up to 0.03 mo-
lar equivalent (eq) compared to CH3NH3PbI3 smoothed the mor-
phology of the perovskite and Gc increased from 0.43 to 0.57 J/m2
(Fig. 6). The linker likely bonded between neighboring perovskite
crystal grains to provide structural reinforcement. However, at 0.1
eq the film roughness increased by nearly an order of magnitude,
and at 0.2 eq the perovskite was unable to form, resulting in a film
of PbI2 (Figure S6, Appendix A). Gc decreased to below 0.3 J/m2 at
these high linker concentrations from the disruption in perovskite
formation and low-quality films. This method shows a proof-of-
concept for strengthening perovskite grain boundaries.4. Implications for reliability
Various factors were identified such as grain boundary engi-
neering, device architecture, deposition method, and molecular
additives that can lead to modest improvements in Gc . Conse-
quently, oneway to increase perovskitemechanical stabilitywould
be to control the fabrication conditions to maximize grain size, in-
corporate a mesoporous scaffold throughout the entire perovskite
layer and then use grain boundary engineering and cross-linkable
molecules to minimize the influence of these boundaries on the
mechanical properties of the resulting films. It is important to pur-
sue further improvements to intrinsically reinforcing perovskites
with small molecules and functionalized polymers with suitable
functional groups capable of forming adhesive bonds to perovskite
surfaces for the purpose of solvent resistance and chemical sta-
bility. A reasonable goal would be to achieve a fracture energy of
∼10 J/m2 for a combination of processing variables, which repre-
sents the lower bound of conventional c-Si and CIGS devices.
5. Conclusion
Perovskite solar cells and isolated perovskite films have been
shown to exhibit poor resistance to fracture andmay be considered
to be extremely fragile in the presence of applied loads. The
organic charge transport layers present in many of the highest
efficiency cells were found to be the primary source of mechanical
failure. The influence of defects, grain size, morphology, deposition
techniques, environmental conditions, and molecular additives
on the failure was studied. Perovskite optoelectronic properties
are surprisingly resilient to defects, yet defect-laden samples
with an increased number of grain boundaries allow for crack
propagation at low fracture resistances. In general, however,
factors degrading optoelectronic properties were found to have
a similar negative effect on Gc . This work analyzes various
factors affecting perovskite mechanical integrity and suggests
specific processing conditions to increase cohesion and reliability.
Designing thermomechanically robust perovskite cells with longer
operational lifetimes is essential for commercialization and long-
term feasibility of the technology.
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